Nearly 75 y ago, a group of young pediatric scientists broke ranks with the American Pediatric Society and formed the nucleus for what would become the Society for Pediatric Research (SPR). Their goal was to provide an opportunity for young pediatric investigators to present their work at an annual forum. Few would argue that over the ensuing years, the SPR, along with the annual Pediatric Academic Societies meeting, has not only served but also far exceeded the goals of that group of young investigators back in 1929. However, pediatric science and academic medicine have undergone profound changes during this same time period, with some of the most significant changes occurring in the last decade. For those of us engaged in pediatric research in the 21st century, we should be asking, "Is the SPR still relevant, and what role should the organization play in our academic careers?"
To answer this question, I would like to explore a few examples of how our paradigms for modeling biologic systems have changed dramatically over the past decade, how these paradigm shifts in science have had profound implications for scientists themselves, and how these shifts will influence the training and career options of the pediatric researcher of the future.
Science is replete with examples where we have developed models of physical or biologic processes and then naively presumed that we fully understood their basic mechanisms. In nearly every case, once new tools were developed to refine our measurements, improving the strength of our particle accelerators, the resolution of our microscopes, or the reach of our telescopes, we have uncovered finer levels of structure and additional layers of complexity. Sometimes we learn that old hypotheses, proven incorrect under one scientific model, develop newfound relevance in the context of new observations.
At the turn of the 20th century, physicists lived in a world governed by the orderly and highly linear system of Newtonian mechanics. In the year 1900, one of the great minds of physics, Lord Kelvin, proclaimed: "There is nothing new to be discovered in physics now. All that remains is more and more precise measurement." (1) Yet, in barely 5 y, the world of Newtonian mechanics was turned upside down by a new and highly complex paradigm for modeling our physical world. In the heady, early days of molecular biology, many pioneers in the field were equally convinced that the central questions of molecular biology would be easily answered well before the end of the 20th century.
LINEARITY VERSUS CROSS-TALK AND THE GENETIC CODE
This year marks the 50th anniversary of the description of the double helical structure of DNA. Given subsequent events, it may be hard to remember that at the time of Watson and Crick's landmark publication, there were still many in the scientific community who believed that proteins, and not nucleic acids, were responsible for carrying genetic information. In a paper published in Nature barely 2 mo afterward, proponents of the protein hypothesis argued that "the gene is essentially an abstract idea" and that "it may be a mistake to try to clothe this idea in a coat of nucleic acid" (2, 3) .
The revolution that began in 1953 resulted in the development of a new model, which came to be known as the central dogma. This model proposed that the flow of genetic information was unidirectional and linear: DNA carries the genetic programming; RNA functions only to shuttle this information to the cytoplasm; and proteins carry out the structural and functional roles in the cell. In this model, common genetic variations are essentially binary: the substitution of a single base, A for G, or C for T (4). This model resonated particularly well in an era when digital computing was also coming of age. Over the intervening years, this model grew in complexity, as multiple layers of transcriptional activators and repressors and their DNA binding sites were described. Despite these additions, the basic linear nature of the model was preserved. However, it soon began to be recognized that the networks of transcription factors and DNA binding sites might play at least as important a role as the code within DNA itself.
The old linear models could not fully explain several new findings, such as genetic imprinting, in which the expression of a gene depends on the parent from which it is derived. An example of mammalian imprinting is seen in the pattern of inheritance of the gene encoding IGF2, which is expressed only from the paternal allele (5 carcinogenesis, as loss of imprinting of the IGF2 gene has been implicated in the development of colorectal cancer (5) . Imprinting is but one example of the phenomenon of epigenetics, where changes in gene expression can be transmitted across at least one generation but are not related to changes in DNA (6) .
It now appears that proteins, once thought to be the carriers of genetic information and then relegated to a back seat after the ascendancy of DNA, may play a much more substantial role in genetic regulation than ever before realized. Although the primary structure of the histones was first described in 1974, for the next two decades, their function was relegated to mere structural support for DNA (Fig. 1) . However, starting in the late 1990s, we began to recognize that proteins, by adding and removing acetyl, methyl, and phosphate groups, interact with histones and alter their morphology, either hiding or uncovering regions of DNA for gene transcription (7) . These revelations have led some to argue that there is a second layer of genetic code altogether, the "histone code," which may be as complex and ultimately as important for the passage of information between generations as the code contained within DNA itself (8) .
We are now learning of exciting new levels of crossregulation from places least expected. For decades, RNA was considered, as described by one pioneer in the field, a "rather dull molecule." Recently, evidence has emerged that a class of RNA molecules called small RNAs also play a role in the regulation of genetic information. Small RNAs can alter gene expression and in some species literally shape the entire genome.
Evidence that RNA might play more than a messenger role first arose in the mid-1990s. Researchers attempting to use antisense RNA to block gene expression were surprised to find that both antisense and sense RNA preparations resulted in similar levels of interference (9) . The mystery of this lack of strand specificity deepened with the discovery that doublestranded RNA was even more potent in suppressing gene expression, a process subsequently dubbed "RNA interference" (9,10). The discovery this past year of active cellular systems that regulate RNA interference imply that it has a natural genetic regulatory function (Fig. 2 ). An enzyme, appropriately dubbed "Dicer" was identified which is responsible for processing double-stranded RNA intracellularly into 21-23 nucleotide fragments (11) . These small RNAs, known as short interfering RNAs, are delivered to a complex called RISC, which uses the sequence information of the small RNAs to pair with and then degrade messenger RNAs with complimentary sequences (9) .
One of the most exciting discoveries from the world of RNA interference is the role that small RNAs play in epigenetic regulation. As mentioned earlier, one of the mechanisms for epigenetic inheritance is mediated via changes in the conformation of chromatin complexes. Some species of doublestranded RNA are transcribed from chromosomal centromere repeats, which are then processed into small RNAs, which together with RISC alter the degree of compaction of heterochromatin complexes and thus influence gene expression (9) . This process of RNA interference may not only play a key role in genetic and epigenetic regulation but may become a valuable tool for the production of genetically altered animals. Several labs have used RNA interference to silence gene expression, a process known as gene knockdown (9) .
Before the human genome project, predictions for the number of human genes encoded by the~3 billion base pairs ranged as high as 100,000 -200,000. It was thus surprising to manyand perhaps a bit humbling-that the actual number of human genes is probably as low as 30,000 -40,000 (Table 1) . How can a multicellular organism as complex as a human, with all its cell and tissue types and functions, have only 30% more genes than the simple roundworm? The answer may lie in a model of gene regulation which is rich and complex with cross-talk between proteins and nucleic acids, adding considerable genes. In this model, proteins and RNA are responsible not only for fine-tuning gene activity but for mediating changes in developmental programs that ultimately help to distinguish one entire species from another.
LINEARITY VERSUS CROSS-TALK AND CELL SIGNALING
From the world of cell signaling comes another example of how the modeling of cellular processes has undergone a paradigm shift. Until quite recently, the classic models for cell signaling were linear sequences of interactions progressing toward a limited set of cell responses. In the example illustrated in Fig. 3A , the hormone epinephrine binds to its cell surface receptor, the ␤-adrenergic receptor, which activates the stimulatory G protein, Gs, which activates adenylyl cyclase. Through a cascade of posttranslational modification of downstream effectors, cell function is altered. In this classic model, little attention was paid to communication between different signal transduction cascades. Although the concept of crosstalk between signaling pathways was first advanced as early as 1980, it was not taken seriously.
Subsequent models of G-protein-coupled receptor signaling have grown tremendously in their complexity. In the mid1990s, evidence emerged that there were conditions under which ␤-receptors could signal not only through the stimulatory G protein but through the inhibitory G protein, Gi, as well ( Fig. 3B) (12) . Under these conditions, agonist stimulation of the receptor recruits to the cell membrane a protein complex containing a mitogen-activated protein kinase module. Activation of this mitogen-activated protein kinase pathway leads to alterations not in cell function but in cell structure (13, 14) . Thus, adrenergic stimulation plays a more complex role than previously appreciated, resulting in both short-term functional and long-term structural changes in the cell.
Just how deep do these layers of complexity go? Over the last few years, data have emerged suggesting that each signaling cascade modulates multiple others and that this modulation occurs at multiple levels. Figure 4 summarizes experimentally demonstrated cross-talk between four well-described signaling pathways reported in the literature over just a 2-y period (15) . Quoting Jacques Dumont: "Considering the multiple theoretical kinetic consequences . . . the possible implications in terms of cell behavior are staggering" (15) . With four signaling pathways of five steps each, there are a total of 760 possible positive and negative interactions. However, this new "simple view" that "everything does everything to everything" is difficult to reconcile with the known specificity of signaling action in cells and living organisms under physiologic conditions.
It is clear that many of these reported cross-talk pathways may not occur in cells under normal physiologic conditions and that some may be artifacts of the experimental system used.
Since protein interactions are difficult to study at low concentrations, researchers use transfection techniques to increase expression of a protein of interest, often by 100-fold or more. At this level of overexpression, weak nonphysiologic interactions may be amplified, and interactions which would normally be precluded by intracellular compartmentalization may occur. On the other hand, many interactions may only occur in cells at a critical time during development, and these may be overlooked because of the artificial conditions of cell culture. This last concern is of particular relevance to those of us involved in pediatric research, as developmental differences in cellular interactions are crucial to understanding the processes of cellular differentiation and embryogenesis.
Thus, to demonstrate the physiologic relevance of these multiple signaling interactions, researchers must move beyond isolated cell systems and reconfirm their results in whole organs, in experimental animals, and, ultimately, in humans. These interactions require a different type of cross-talk, that between protein chemists, molecular biologists, physiologists, bioengineers, and physicians.
EVOLVING MODELS OF ACADEMIC MEDICINE: THE SCIENCE MOLDS THE SCIENTIST
Just as the linear models of DNA transcription and transmembrane cell signaling held sway for much of the past century, linear models were also the norm for the academic enterprise (Fig. 5A ). The hallmark of success for the young physician scientist was independence. Collaborations most often occurred within a laboratory or division, occasionally across departments, and rarely across schools. The last decade has seen a paradigm shift in the model of academic medicine from a linear one to one that is highly collaborative, extensively interactive, and evocative of the cross-talk of the biologic pathways that we study. Initially, this model shift was largely limited to within the confines of the medical school. However, more recently, this cross-talk has spread between schools within the university (Fig. 5B) . Many universities are Before completion of the Human Genome Project, initial predictions for the number of human genes had ranged as high as 100 000 -200 000.
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establishing institutes which transcend traditional departments and schools. These institutes, if given the proper resources of space, faculty billets, and targeted fundraising, can provide the nexus for the career development of future pediatric researchers.
One of the most prominent examples of this intra-university cross-talk is the emerging field of bioengineering. For years, biologists have struggled to improve the fidelity of tissue culture for studying organ function and enhancing drug development. Collaborating with tissue engineers, physician scientists are building bioreactors containing miniaturized organ systems, such as the liver chip being developed by researchers at MIT. These chips allow co-culture of different cell types, such as hepatocytes and endothelial cells, as well as the application of mechanical shear stress to better simulate in vivo conditions (16) . Tissue-engineered heart valves are being de- 
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rived from myofibroblasts and endothelial cells harvested from peripheral arteries and veins and grown in culture on special bioabsorbable polymer scaffolds (17) . Unlike current homograft or xenograft valves, these engineered valves are living tissue and have the potential for growth, avoiding the need for multiple replacements as children grow. Computer scientists, working in concert with radiologists, have ushered in a new era of noninvasive body imaging, building three-and fourdimensional models. Finally, were it not for advances in bioinformatics, the human genome project could never have been accomplished. Consider that three billion letters, if printed, would fill 200 major city telephone books. Using the information contained within this massive database would be impossible were it not for the advances in computing which have enabled researchers easy access with the click of a mouse. As we move into the field of proteomics, even more powerful biocomputing resources will be required.
THE SPR AS A MODEL FOR ACADEMIC CROSS-TALK
How, then, does all this relate to the question at hand? Is the SPR relevant for 21st century academic pediatricians? For an organization to effectively meet the present and future challenges of academic pediatrics, that organization must have the capacity to change as new challenges and new opportunities arise, just as our models of biologic systems have changed. I will argue that the SPR has risen to meet these challenges and is the organization which is capable of providing the cross-talk required for pediatric researchers to be successful in 21st century pediatric investigation. Let us examine several examples.
Membership. Seven years ago, facing a declining membership, the society undertook a strategic planning process, reviewing membership criteria and, by so doing, debating the essence of what it meant to be a member of the society. Recognizing the longer length of academic training and the increasing age at which new members were inaugurated into the society, fundamental changes were made, including an increase in the age of active membership. The society removed often-arbitrary barricades to membership based on controversial definitions of independence, recognizing the collaborative nature of the present research environment. Last year, recognizing the growing contributions of the international pediatric scientific community, the SPR extended active membership to pediatric researchers from all nations. At this year's PAS meeting, the Society began deliberating new initiatives to further reach out to our international colleagues and foster worldwide collaboration in research for the benefit of children. The success of these initiatives can be measured by the increase in active membership in the society and the phenomenal growth in attendance at the PAS meeting.
Alliance organizations. The SPR has been dubbed the "big tent" for pediatric academic organizations. Five pediatric subspecialty societies and two additional alliance organizations now hold their annual meetings in conjunction with the PAS meeting, enhancing the potential for cross-specialty collaboration ( Table 2) . One of the immediate and exciting benefits of these new alliances has been to invigorate the meeting with state-of-the-art symposia jointly sponsored by two or more societies. In what other forum can researchers interested in a topic such as ischemia-reperfusion injury As was true for many fields of science, the linear models for academic enterprise were also the norm for much of the past century. (B) the last decade has seen a paradigm shift in the model of academic medicine from a linear one to one that is highly collaborative, extensively interactive, and evocative of the cross-talk of the biological pathways that we study.
BERNSTEIN
The future of academic pediatrics. One of the major challenges facing academic pediatrics is the education of future physician-scientists. Translational research will be more complex and require participants to speak the language of basic science as well as the language of clinical pediatrics. With declining reimbursements and the higher acuity of pediatric subspecialty medicine, clinical commitments will be greater, yet the future availability of well-trained clinician scientists is uncertain. One of the major initiatives to address changes in pediatric education is the Future of Pediatric Education, or FOPE II, report. Implementation of the recommendations in this report will be directed through the Pediatric Education Steering Committee of the Federation of Pediatric Organizations of which the SPR is a member. This cross-talk between pediatric organizations is vital to the future of academic pediatrics. SPR participation in this process will provide important input regarding the training of future academic pediatricians, not from department chairs or senior scientists but from those who are closest to the front lines. Since FOPE I, there has been a shift in pediatric education to a more linear model, with a heavy focus on primary care pediatrics. We must raise our voice in support of changes in pediatric training that will provide residents increased exposure to faculty role models from the worlds of clinical and basic science. We must give residents the opportunity to experience the challenges and rewards of a subspecialty-based academic career. We must shift the model of residency training from linearity to cross-talk.
Finally, as the American Board of Pediatrics debates the research requirement for fellows and explores the development of a research fast track, we must continue to advocate that "the principal goal of fellowship training should be the development of future academic pediatricians" and that fellows "should be selected on the basis of their level of commitment to attainment of adequate research training and to a career in academic pediatrics as a physician scientist" (18) . Above all, the SPR remains the sole organization dedicated to giving center stage to the contributions of the young investigator, stimulating the development of new ideas, challenging old dogma, and enhancing cross-talk between generations of scientists.
Strategic planning. This year, the SPR Council approved a recommendation to establish a strategic planning committee which will examine the role of the organization over the next decade. One of the many charges presented to this committee was to evaluate how the SPR can encourage the development of a new subspecialty section on bioengineering applications in pediatric science and integrate that section into the annual meetings. Other important charges to this committee will include a reexamination of membership criteria and development of a special interest group in outcomes research.
Public Policy Council. Another medium where the SPR provides valuable opportunities for cross-talk is the Public Policy Council. A joint initiative of the APS, SPR, and the Association of Medical School Pediatric Department Chairs, the Public Policy Council has for years been the voice of the SPR in Washington on legislative initiatives concerning academic pediatrics and pediatric research. Chaired by Dr. Myron Genel, the Public Policy Council has provided important input into key areas such as the FDA's suspension of the pediatric rule, stem cell research, children as research subjects, HIPAA regulations, and the level of National Institutes of Health research appropriations, among many others. This year, in recognition for the important role he has played in advancing the SPR's agenda in public policy, Dr. Genel was presented with the SPR Distinguished Service Award. Through its participation in the Public Policy Council, the SPR participates in cross-talk with policy makers to guarantee funding for vital children's research programs.
Through these initiatives, the SPR has moved into the 21st century as a vibrant society with a growing and increasingly active membership. The society will continue to fulfill its primary goal, set years ago by those pioneer members, to provide a forum for the presentation of research by young pediatric investigators. However, the society will also serve an increasing leadership role in forwarding the national (and international) agenda for pediatric research by promoting interactions, collaborations, and cross-specialty networking in a way that no other society can. 
